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I. INTRODUCTION 

In this work we make a systematic analysis of exclusive semileptonic c ^ s,d decays of doubly heavy ground state 
cb baryons. Previous studies are very limited and, to our knowledge, they only include the work in Ref. [1] where 
the — )• Eh decay was analyzed using heavy quark spin symmetry, the relativistic three quark model calculation 
of the Ecb SJ^ decay in Ref. [1], and the combined branching ratio for the (Scb — >■ Sb) + (Scb — >■ S^) + (Scb — )■ S^) 
decay evaluated in Ref. Q in the framework of the potential approach and QCD sum rule^. Since the modulus of 
the Cabbibo-Kobayashi-Maskawa (CKM) matrix elements \Vcs\, \Vcd\ are much larger than \Vcb\, one would expect 
the decay widths for c ^ s,d semileptonic decay of cb baryons to be much larger than the corresponding b ^ c driven 
decays which have been more extensively studied in the literature P, However, this is corrected by a smaller 

available phase space, and the decay widths for c — >■ s transitions turn out to be larger but of the same order of 
magnitude as the 6 — >■ c decay widths, while widths for c — >■ d transitions are much smaller. In any case, the analysis 
of the c — ^ s,d decays of cb baryons could give relevant information on heavy quark physics complementary to the 
one obtained from the study of the 6 — > c decays. 

Similar to what happens in atomic physics, in hadrons with a single heavy quark the dynamics of the light degrees 
of freedom becomes independent of the heavy quark flavor and spin when the mass of the heavy quark is much 
larger than Aqcd and the masses and momenta of the light quarks. This is the essence of heavy quark symmetry 
(HQS) [iOl. HQS guaranties that in a heavy baryon the light degrees of freedom quantum numbers are well defined. 
Then, up to corrections in the inverse of the heavy quark mass, one can take the spin of the two light quarks to be 
well defined. The two light quarks couple to a state with spin S —0 or 1 and then couple with the b quark to total 
spin 1/2 or 3/2. This is the classification scheme followed for the b heavy baryons in Table HI However, HQS can 
not be applied to hadrons containing two heavy quarks. There, the kinetic energy term needed to regulate infrared 
divergences breaks the heavy quark flavor symmetry, but not the spin symmetry for each heavy quark flavor [l3| . 
This is known as heavy quark spin symmetry (HQSS). According to HQSS ^S], for large heavy quark masses one 
can select the heavy quark subsystem of a doubly heavy baryon to have a well defined total spin. Again this is the 
classiflcation scheme followed for cb states shown in Table H] There, the c and b quark couple to a state with spin S —0 
or 1 and then couple with the light quark to total spin 1/2 or 3/2. Being the heavy quark masses finite, one has that 
for spin-1/2 baryons the hyperfine interaction can admix both S —0 and S—l components into the wave function of 
physical states. As shown in Sec. HI] this is very relevant for spin-1/2 cb baryons. In principle one should also expect 
some degree of mixing for the and SJ^ states. However, in this latter case the hyperfine matrix elements responsible 
for mixing are proportional to the inverse of the b quark mass and mixing effects are thus suppressed. 

In Table H] we present the baryons involved in the present study. As mention the Sc6,S^j and flcb,^'cb are not the 
physical states that will be discussed in the following. The quark model masses in Table U have been taken from our 
previous works in Refs. [1, [11], where they were obtained using the ALl potential of Refs. [H, [13] ■ Experimental 
masses are the ones given by the particle data group (PDG) in Ref. fis'l and in the table we quote the average over 
the different charge states. The agreement with our results is better than 1%. For the actual calculation of the decay 
widths we shall use experimental masses taken from Ref. [l^ whenever possible. For the neutral " state we follow 
Ref. [l^ and take M-^^o = i(Mj^.+ + M-^,-). For the E° case, corrections to the analogous relation, due to the 

electromagnetic interaction between the two light quarks in the heavy baryon, have been evaluated in Ref. |20|] using 
heavy quark effective theory and in Ref. [2l| in chiral perturbation theory to leading one-loop order. Based on the 
known experimental data they get M^o = 5810.5 ± 2.2 MeV 0] and M^o = 5810.3 ± 1.9 MeV [2l|, their central values 
being 1 MeV lower than the value one would obtain from the less accurate relation M^o = ^{M-^+ +M^-). Here we 
shaU use the value M^o = 5810.5 MeV given in Ref. [2^. For the S^, S^, fi^ we take our predictions in Ref. [l5[ which 
are in agreement with lattice results by the UKQCD Collaboration For doubly heavy cb baryons baryons there 
is no experimental information on their masses and we shall use our own predictions in Ref. Q. 

The paper is organized as follows: in Sec HI] we discuss the physical spin-1/2 cb baryons and the relevance of 
hyperfine mixing for those states. In Sec. IIIII we give general formulae needed to compute the semileptonic decay 
width, we present the form factor decompositions that we use for the different transitions and we present and discuss 
our predictions for the c s,d decay widths. In Sec. IIVI we obtain HQSS constraints for the form factors and make 
predictions for ratios of decay widths based on those constraints. Finally in Sect. |Vl we summarize the main results 
of this work. The paper contains also two appendices. In appendix |X] we present our nonrelativistic baryon states, 
while in appendix [B] we give details on how we evaluate the transition matrix elements and form factors. 



^ In the case of the H^j, baryon, the spin of the cn (n = u, d) pair is well defined and it is coupled to one. For the H^j, and S'^^ states, it 
is however the spin of the two heavy quarks (cb) the one which is well defined, 1 and 0, respectively (see Table The different spin 
configurations are discussed in detail in Sect. [Ill 
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TABLE I. Quantum numbers of baryons involved in this study. For the cb baryons, states with a well defined spin for the heavy 
subsystem are shown. and I are the spin-parity and isospin of the baryon, while is the spin-parity of the two heavy or 
the two light quark subsystem, n denotes a. u or d quark. Experimental masses are isospin averaged over the values reported 
by the PDG [Q. 



II. CONFIGURATION MIXING IN cb DOUBLY HEAVY BARYONS 



Due to the finite value of the heavy quark masses, the hyperfine interaction between the light quark and any of 
the heavy quarks can admix both S—0 and 1 components into the wave function for total spin-1/2 states. Thus, the 
actual physical spin-1/2 cb baryons are admixtures of the Scb, {^cb, ^'cb) states fisted in Table ID The physical 
states, that we shall call sj;)^-', and ^[^J , f^cb\ are given within the ALl model by 33 



= -0.902 + 0.431 Sch ; M^d) = 6967 MeV, 

' 'ch 

■=•(2) _ n ^' 



E'^J = 0.431 + 0.902 S^h ; M^(2) = 6919 MeV, (1) 



"o6 



f]W = -0.899 n'^^ + 0.437 n^b ; M^^d) = 7046 MeV, 

^ 0.437 Q'^k + 0.899 Qcb ; Af^(2) = 7005 MeV, (2) 

Comparing the masses of the physical states with the mass values quoted in Table HI one sees that masses are not 
very sensitive to hyperfine mixing. On the other hand, it was pointed out by Roberts and Pervin (23i] that hyperfine 
mixing could greatly affect the decay widths of doubly heavy cb baryons. This assertion was checked in Ref. |6| where 
Roberts and Pervin found that hyperfine mixing in the cb states has a tremendous impact on doubly heavy baryon 
b ^ c semilcptonic decay widths. These results were qualitatively confirmed by our own calculation in Ref. [8]. We 



further investigated the role of hyperfine mixing in electromagnetic transitions 2j| finding again large corrections to 
the decay widths. A similar study was conducted by Branz et al. in Ref. [25| . We expect configuration mixing should 
also play an important role for c — > s, d semileptonic decay of cb baryons. 

One way of minimizing the hyperfine mixing for cb baryons is to use from the start baryon states in which the c 
quark and the light q quark couple to a state of well defined spin Scq = or 1. Then the b quark couples to that state 
to make the baryon with total spin 1/2. We denote those states as Scb, ^cb for Scq = 1, and S^^, fi^^ for Scq — 0. 



^ Note that, here we use the order cb, while in H, we used be. Thus our E,'^^ and Q^j^ states, where the heavy quark subsystem is coupled 
to zero, differ in one sign with those used in 
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The relation between the latter set of states and the ones in Table U is given by (here B stands for S or fJ) 

B'cb = 2^cb + "^^cb- (3) 

Hyperfine mixing for the Bcb, B'^f^ states is much less important since it is inversely proportional to the h quark 
mass 8]. Physical spin- 1/2 cb baryons states should then be very close to the Bcb^ B'^f, states and this is indeed the 
case. If we write 




we find 0-= = —4.46°, Oq, = —4.07° for the ALl interquark interaction Q. 



III. SEMILEPTONIC DECAY WIDTHS 
A. General formulae 

The total decay width for semileptonic c — I transitions, with I = s^d, is given by 

r^l^dp^^ J V^^£"^q)n^p{P,p')duj (5) 

where \Vci\ is the modulus of the corresponding CKM matrix element for a semileptonic c — / decay {\Vcs \ = 0.97345 
and \Vcd\ = 0.2252 [H]), Gp = 1.16637(1) x IQ-^MeV-^ ^ is the Fermi decay constant, P,M {P',M') are the 
four-momentum and mass of the initial (final) baryon, q = P — P' and uj is the product of the initial and final baryon 

four- velocities uj — v-v' — -^■jp- = ^ 2MM~'^ • -^-"^ decay, w ranges from a; = 1, corresponding to zero recoil of 
the final baryon, to a maximum value that, neglecting the neutrino mass, is given by w = (^max — \mm^"^ ' which 
depends on the transition and where m is the final charged lepton mass. Finally £"^(g) is the leptonic tensor after 
integrating in the lepton momenta. It can be cast as 

C'^P{q) = A{q^)g^P + B{q^)^ (6) 

q^ 

where explicit expressions for the scalar functions A{q^) and B{q^) can be found in Eqs. (3) and (4) of Ref. [26| . 
The hadron tensor HapiP, P') is given by 

H-HP.P') ^l^^T.{B'y PVcm\B^rP) {B'y P'|jf,(0)|S,r P)* (7) 

r.r' 

with J the initial baryon spin, r P) ^|_B',r' P')^ the initial (final) baryon state with three-momentum P [P') 

and spin third component r (r') in its center of mass framed. Our states are constructed in appendix |^ Finally, 
J^j(O) = §;(0)7''(1 - 75)\I'c(0) is the c Z charged weak current. 



B. Form factors for 1/2 1/2, 1/2 3/2 and 3/2 1/2 transitions 

For the actual calculation of the decay width we parametrize the hadronic matrix elements in terms of form factors, 
which are functions of w or equivalently of q^ . The different form factor decomposition that we use are given in the 
following. 



^ Baryonic states are normalized such that 

{B, t' P'\B,t P) = 2E (27r)3 5^^, 5^(P - P') 
with E the baryon energy for three-momentum P. 



(8) 
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1. 1/2— 1/2 transitions. 

Here we take the commonly used decomposition in terms of three vector Fi, F2, and three axial Gi, G2, G3 
form factors 



{B'{l/2), r' P' I J,^(0)| i?(l/2), r P) = u?,' {P'){r [FiH - 75Gi(a.)] + v'^ [F^iu) - 7562(^)1 

W [^^3M-75G3M]}uf(P) 

The Ur are Dirac spinors normalized as {ur'^Ur = 2ESrr'- 

2. 1/2 ^ 3/2 transitions. ^ 

In this case we follow Llewellyn Smith 27] to write 



(9) 



{B'{3/2),r'P'\M0)ri^-l5)^c{0)\B{l/2),rP)= ufAP')T^^{P,P')u^{P) 



T^f'iP^P') = 



cY 



cr 



+ ^(5^^^ - 9^7^) + ^ia^'q ■ P' - q^P'^ + GgV^ + ^q^q'' 



75 



(10) 



Here uf,., is the Rarita-Schwinger spinor of the final spin 3/2 baryon normalized such that {uf^^^u. 



-2E' Srr', and we have four vector (C^4,5^6('^)) ^^^^ four axial (C;^4,5,6('^)) form factors. Within our model we 
shall have that CY{lo) = C^iuj) = C^(u) = 0. 

3. 3/2 — > 1/2 transitions. 

Similar to the case before we use 

i3'(l/2),r' F' 1^^0)7^(1 " 75)*c(0) | i?(3/2), r p) = (sf,,(F)f^^u^'(P'))* = u^,' {P'h^T^nh'nUP) 

f =(-^(3^^V - q'r) - ^(g'^q ■ P q'Pn ^i9''i ■ p' i"p") + cn-^)g'') 75 



M' 

+ - q'ln -^^{g'^q-P- q'Pn + + ^q'q') (H) 

Again, and within our model, we shall have that {uj) — Cq (uj) — C^{uj) = 0. 
4. 3/2 -J> 3/2 transitions. 

A form factor decomposition for 3/2 — > 3/2 can be found in Ref. where a total of 7 vector plus 7 axial form 
factors are needed. In this case we do not evaluate the form factors but work directly with the vector and axial 
matrix elements. 

In appendix [B] we give the expressions that relate the form factors to weak current matrix elements and show how 
the latter ones are evaluated in the model. Relations found between matrix elements that simplify the calculation are 
also shown there. 



C. Results 



The results we obtain for the semileptonic decay widths of cb baryons are presented in Tables Ullfc — > s decays) and 
mil (c — >■ d decays). We show between parentheses the results obtained ignoring configuration mixing in the spin-1/2 

cb initial baryons. In this latter case, the S^^'' baryons should be interpreted respectively as the S^;,, Scb states 

of Table ID We see small changes for transitions to final states where the two light quarks couple to spin 0. On the 
other hand, configuration mixing effects are very important for transitions to final states where the two light quarks 
couple to spin 1, where we find enhancements or reductions as large as a factor of 2. 

Note also that, even though |VcsP, ^ |KbP, the values we get for the decay widths are of the same order of 

magnitude to what we obtained for 6 — )■ c transitions in Ref. Q. In the present case, the greater value of the CKM 
matrix elements are compensated by a smaller phase space. 
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r [10-1" GeV] 
This work [1] [2] ]^ 
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TABLE II. r decay widths for c — >■ s decays. Results where configuration mixing is not considered are shown in between 
parentheses. The result with a f corresponds to the decay of the Hc6 state. The result with an * is our estimate from the total 
decay width and the branching ratio given in 3]. Similar results are obtained for decays into jj.'^v^. 







r [10-" GeV] 






r [10"" GeV] 


•=(1)+ , 

' 'cbu 


At e+u. 


0.219 (0.196) 


COS 


e+i/c 


0.179 (0.164) 


■=(2)+ , 

' 'cbu 


-> A° e+ue 


0.136 (0.154) 


cos 


E" e+z/c 


0.120 (0.133) 


= (!)+ , 

' 'cbu 


Eg e+u. 


0.198 (0.0814) 


cos 


E;,- e+i/c 


0.169 (0.0702) 


■=(2)+ . 

' 'cbu 


EO e+u. 


0.110 (0.217) 


COS 


E;,- e+z/c 


0.0908 (0.182) 


■=(!)+ . 

' 'cbu 


^l°e+Ue 


0.0807 (0.184) 


COS 


EJ - e+!/e 


0.0690 (0.160) 


= (2)+ , 

' 'cbu 


E;°e+u^ 


0.147 (0.0556) 


CDS 


E*-e+//e 


0.130 (0.0487) 


' 'cbu ' 


> A? e+z/. 


0.235 


0*0 

^ ^c6s 


!■ E" e+!/e 


0.196 


' 'cbu ' 


► EO e+u. 


0.0399 


0*0 


^ E;- e+Ue 


0.0336 


' 'cbu ' 




0.246 


0*0 ■ 

"cbs ■ 


> E* - e+v. 


0.223 



TABLE III. r decay widths for c — >■ d decays. In between parentheses we show the results without configuration mixing. Similar 
results are obtained for decays into jj.'^v^. 



In the left panel of Table |TI] we compare our results to the few available results obtained by other groups (we have 
not found in the literature any previous result for c — > d decays to compare with our predictions in Table IIIip . Our 
estimate, without configuration mixing, for the S^.j^'' — )■ transition agrees very well with the one obtained in Ref. [ij. 
For the S^.^^"*" — >■ transition we are also in agreement with the calculation in Ref. 0. There, the authors use the 
Set baryon which is almost equal to our physical state S^.^^ We also see that our result for the combined decay 

(^chu^ Sj^) + S'j,°) + i'^l^JJ' -> is in reasonable agreement with the one predicted in Ref. [l]. This 

combined decay width is not very sensitive to configuration mixing effects. 

Besides the results shown in Tables |lT] and IIIIl we have from isospin symmetry that 
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(13) 

The sources of uncertainties in the present calculation are the same as the ones we discussed for the c — s, d decays 
of cc baryons in Ref. [1^. First, the use of different interquark potentials, like the API [l^ [13 ^^d Bhaduri [2^ 
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potentials, to evaluate the wave functions could change the decay widths at the level of 10 %. This can be considered 
as part of the uncertainties inherent to our model. Besides, one has the possible contribution of intermediate D* and 
D* vector meson exchanges [1^ [sO] • This mechanisms are not considered in our calculation neither have they been 
taken into account in the previous ones of Refs. [iHl]- We expect such exchanges to produce small effects as the D* 
and D* poles are located far from a/ (?max- In case, with the intermediate vector mesons being far off-shell, the 
computation of their effects will be complicated due to the unknown strength of their couplings with the singly and 
doubly heavy baryons, and the lack of a reasonable scheme to model how the latter interactions are suppressed when 
approaches the endpoint of the available phase-space (q^ = 0). Another important source of uncertainties is our 
lack of knowledge of the actual masses of the cb baryons. For instance, a reduction of 70 MeV in the $7*^ mass (a mere 
1% reduction) makes de f2*{, fij, decay width smaller by some 25%. Precise decay widths predictions should await 
for a precise mass knowledge of cb baryons. 



IV. HEAVY QUARK SPIN SYMMETRY 



In this section we use HQSS to derive model independent, though approximate, relations between different form 
factors and decay widths. Thi is similar to what we did for 6 c decays of cb baryons in Ref. @ or more recently for 
b ^ c transitions of triply heavy baryons in Ref. [3l| . 

The consequences of spin symmetry for weak matrix elements can be derived using the "trace formalism" (s^ [33| . 
To represent the lowest-lying S-wave cb baryons we will use wave-functions made of tensor products of Dirac matrices 
and spinors, namely (33 |: 



Br 



7A 



B' 



cb 



Bcb 



2 

1 + ^ 
2 



{v^ + 7'^)75u(w, r) 



75 



1 



-IX 



Q/3 



(14) 



where we have indicated Dirac indices a, /? and 7 explicitly on the right-hand side and r is a helicity label for the 
baryon. These wave functions describe stated where the c quark and the light quark couple to definite spin (S^b) 

1 {Bcb, %)■ The b quark couples with that subsystem to total spin 1/2 {Bcb, B'^b) 3/2 (%). Note that % = B*,,. 
Under a Lorentz transformation. A, and quark spin rotations Sc and Sj, for c and b quarks a wave-function of the 
form TajjU^ transforms as: 



Tc^pU^ ^ [S{k)VS-\K)\ [S{k)U]^ , Tc^pU-, ^ [ScT]^p [S^Ul 



(15) 



with lA ^ ^(^^ + 7^)75'^; Oil the other hand, the final h baryons are represented by the following spinor wave 
functions [33| 



AbjSb u {v ,r') 



1:1^1 ni^u'^{v'y) 



I ix , \\ III i\ 

-^{v +7 )75W {v ,r) 



where here the states are normalized to ~2M' . In this case we have that 

U'^[S{K)U'], U'^iSbUl 



(16) 
(17) 
(18) 

(19) 



The semileptonic decays are driven by the current = ^7^(1 — 75)0, with I = d, s. Under a c quark spin rotation, 
it transforms as — > J^S\. Thus, the only possible amplitude that it is invariant under separate bottom and charm 
quark spin rotations is of the form 



U'U Tr[7^(l-75)rr!] 



(20) 



* States are normalized to —2M = —uu = u^u\. 
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where f2 is one of the two following functions, depending on whether the spin of the light degrees of freedom in the 
final baryon is or 1 

n^i]i + 7nP', for S'i'ight = o 

^x^Mx + P2ij'lx + kvx + fiiii'vx, for S[,^-^^ = 1 (21) 

Terms in p are not included since are interested in the transition matrix elements close to zero recoil 

where we have that w''' k, , u'^^^u « 0, v^u'u « v'^u'u k, u'j^u. Besides we have the exact relations 

vxu^ — v\{v^ + 7'^)75U = 
— u, u'f' = u' 

7a"^=S'Sa = (22) 

Taking into account all this, we can obtain approximate expressions for the hadronic matrix elements that are valid 
near the zero recoil point. Apart from global phases we get the following results: 

• Bcb — > Af), Sfc 



u' ^{v" + "f'')'^5U Tr[7^(l - ~ - m)u'l^l5U = ;^'/"'( - l^l5)u (23) 

where we have introduced rj — — 2(7]i — 1]2). This is a function that depends only on w, and it is the analog of 
the Isgur-Wise function firstly introduced in the context of 6 — > c semileptonic meson decays jsS] . 

We see that near the zero recoil point, HQSS considerably reduces the number of independent form factors. In 
fact we find that for uj ~ I, 

Fi+F2+F3 = , Gi = -^1] (24) 

• Kb ^ ^b, Sb 

u'u Tr[7^(l - j,){-l)l±lj,n] « -2(771 - ii2)u'ru = vu'l^u (25) 

from where one can conclude that at cj = 1 

Fi + F2 + F3 = 7? , Gi = (26) 

u'u^ Tr[7^(l - 75)i±i7,f7] « 2(7/1 - il2)u' u^' = -7772' (27) 
which in this case implies that at w = 1 



The 77 Isgur-Wise function is different for different light quark configurations in the final state and depends also on 
whether the initial light quark is an 77 = 7i, d quark or a s quark. However, SU (3) flavor symmetry could be used to 
establish relations between all of them. Besides 77 would be normalized to 1 at zero recoil (77(1) = 1) in the equal mass 
case. In the actual calculation deviations from this limiting value are expected due to the mismatch of the initial and 
final baryons wave functions. 
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• Bcb S6,2(,06 



- ^'^W" + T^)^K + ^")l5U Tr[7^(l - j,)l±lj,nx] ~ -2(/3i - I32)u'{r - |7^75)w 

= /3«'(7''-^7'*75)w (29) 

where we have defined p = — 2(/3i — /32), which is the Isgur-Wise function in this case. For co = 1 one would 
then obtain that 

Fi+F2 + Fs=p, Gi = ^p (30) 



-^u'j5{v'^+j^)uTr[r{l-l5){-l)^l5^x] « -|(/?i-/32)«V75W= ^/3w'(-7^75)w (31) 



that for a; = 1 imphes that 



^1+^2 + ^3 = 0, Gi = ^p (32) 

v3 



- ^i'^75(t^'^ + l^)u'' Tr[7''(l - 75)iii7,f^;,] « - _ = (33) 



from where at u; = 1 



rA M-M' . M{M-M') 1 



D V Y^* 77* O* 



i'^-^(t;- + 7^)75" 'n[7''(l - 75)lii7,Q;,] « --^(/J^ - /32)«"'w = (35) 
and thus at w = 1 we have 

Ci^^Ct'^^^^^Ci^l., (36) 

D/ . Y** "3* O* 
^cb ~^ "6> "6 

w'^w Tr[7''(l - 75)(-l)lii750;,] « 2(/3i - P2) = -pu'^u (37) 
One obtains in this case that at w = 1 

M + ^ M2 + ^5 ~ ~^ ^^^^ 
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FIG. 1. Test of HQSS constraints: Different combinations of form factors obtained in this work for several transitions with a 
Ai, in the final state (S'l'igjit = 0). For the calculation we have taken the masses of the Hcf;,S^i, to be the masses of the physical 
states S^,],-' , E^,^-' . Similar results are obtained for the 0,cb,^'cbj^lb ~^ and the Sc6,H^j,H*j — >• Eb transitions. 



V* o* 



f Tr[7^(l 



2(/3i - /?2)m - l5)ux = - I5)ux 



(39) 



which implies for instance that the V*^ vector matrix element should be equal to — /? at uj 
in between states with the same spin projection. 



1 when evaluated 



As for the 77 function above, the /? Isgur-Wise function is different for different light quark configurations in the final 
state and depends also on whether the initial light quark is an n = u, d quark or a s quark. Besides, if the quarks 
involved in the weak decay had equal mass one would have that /3(1) = 1 when the two light quarks in the final baryon 
are different (E^, S*o, S*", S'", S*") and /3(1) = ^2 when they are identical (E^, S*", f]^, f]*"). Again, in 
the actual calculation deviations from these limiting values are expected due to the mismatch of the initial and final 
baryon wave functions. 

In Figs. [Hand [2] we check that our calculation respects the constraints on the form factors deduced from HQSS. For 
that purpose we have assumed the Bcb, -8^6 states have masses equal to that of the physical ones b'^1\ b'^^ . One sees 
deviations, due to corrections in the inverse of the heavy quark masses, at the 10% level near zero recoil. In fact the 
constraints are satisfied to that level of accuracy over the whole ui range accessible in the decays. We found similar 
deviations in our recent study of the c ^ s,d decays of double charmed baryons in Ref. [2^, where we explicitly 
showed these discrepancies tend to disappear when the mass of the heavy quark is made arbitrarily large. One also 
sees that at our results for ry(l), /3(1) are systematically smaller than would be expected if the quarks participating in 
the transition had equal masses. This reduced value is due to the mismatch in the wave functions due to the different 
masses of the initial (c) and final (d or s) quarks involved in the transition. 

The results of Figs. [T] and [2] show HQSS is then a useful tool to understand the dynamics of the c — > s, d decays of 
cb baryons, as it was also the case for their CKM suppressed 6 — c decays [5, 8]. Wc take advantage of this fact and 
we now use the HQSS approximate hadronic amplitudes in Eqs. dSS]), ^ and ^ 

to obtain model independent, though approximate, relations between different decay widths. With the use of those 
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1.01 



FIG. 2. Test of HQSS constraints: Different combinations of form factors obtained in this work for transitions with a ^It, Jl^ 
in the final state (Sught ~ !)• ''^3'/2^.3/2 stands for the matrix element of the zero component of the vector current for spin 
projections 3/2 both in the initial and final baryon. For the calculation we have taken the masses of the Qcb,i^'cb to be the 
masses of the physical states f^'],', ^^^J ■ Similar results are obtained for the E^b, H^^, H*^ — >• E;,, E^, Scb, H^j, H*^ — > 2^,2^, and 
^cbj^'cb^^cb ~^ — transitions. 



HQSS amplitudes and the leptonic tensor in Eq.(|6]) we obtain that near zero recoil 

2MM' 





Bcb — > 








Kb^ 








Kb^ 


Afc, Sfe 
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B'cb 








Bcb 
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2MM' 
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r' fl2 



2MM' 
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2MM' 
9 

4MM' 
9 

4MM' 



Ai(20 - 260.) + f 26^^^:^^$^ + (5 - 13o.) 
-A(4 + 2c.) + s('2(^i:4^-(.. + l) 



3^ + S('(^_l 



3A + B('i^-1 



/?2(^ + l) 



-4..(l + 2..2)+i?^^(""^)^"'"^)^- ' 
9 9 



-3A + S(i^-l 



(20 + 8^2) _^ (6 + 4^2) 



We can now follow our work in Ref [s'l and, near zero recoil, take w « 1 and, because v' « v, also approximate 

(i; ■ g)2 ■ ■ q) (v' ■ qf 



(40) 
(41) 
(42) 
(43) 
(44) 
(45) 
(46) 
(47) 

(48) 
(49) 
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FIG. 3. Differential decay widths for the specified transitions. 



Besides, for a light lepton e or fi we have that B w —A near zero recoil. 

Using those approximations and denoting by X the quantity in Eq.(|49[) we arrive at following approximate results 
valid near zero recoil 

4MM' OWN 
—V'A{2 + X) (50) 

4MM'7j'^A{l - X) (51) 

JJf:,^A(2 + X) ,52, 

'JiMlp-A(l-UX) (53) 

_1^|M:^M(2 + X) (54) 

-^^Mfp^A(2^X) (55) 

«™V^.4(2 + X) (56) 





Bcb Ab, 


Sb 






Kb ^ Ab, 


Sb 


C"^Kp 




i3*b Ab, 


Sb 


C"^Kp 


Bcb 




f^b 


C"^Kf, 


B'cb 




^^b 




Bcb 




rib 




Bcb 






C"^Kf, 


Kb 


~^ ^b^^bi 


f7* 


C"''Kp 


Bcb 


^ '^b'^bJ 


f^b* 
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P^A{2 + X) (57) 
/32yl(l + 14X) (58) 



Can one extrapolate the above expressions over the whole uj range available in a given transition? In fact B w —A 
to a very high degree (better than one percent) practically in the whole lo range accessible in these decays. On the 
other hand one has that v ■ q — M — M'uj, v' ■ q = Mu — M' and one expects larger deviations in approximate relation 
in Eq. p9|) for uj w Wmax- For instance for the S^b -> Ab transition, one finds that = 1.20 for w = 1 + 0.9(a;inax — !)• 
Fortunately, the differential decay distributions peak at much smaller uj values, so that errors related to the use of 
Eq. (|49| in the whole u! range are less relevant. We show this in Figs. [3] and IH where we give differential decay widths 

for transitions with a Ab or an $7^ in its final state. We have assumed the masses of the Bcb, to be the masses 
of the physical states b'^1\bI^\ 

With this in mind and further assuming M^^f, = ^^s'^ = ^^5*^, and Mb,, = ^^s^ = -^^s* we can make the following 
approximate predictions based on HQSS 
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UJ 

FIG. 4. Differential decay widths for the specified transitions. 



r(s,b ^ Ab) « r(s:6 ^ Ab) 



(59) 



n%, ^ E,) « 3r(s:, ^ Sb) « ^r(Sefc ^ s*) « ir(s^, ^ s*) 
r(s^, ^ s^) « 3r(% ^ s;,) « ^r(B,, ^ sj) « ir(B:, ^ s*) 
r(i7:^, ^ 1],) « ivini, ^ f],) « ^r(i7,b ^ ?],*) « ir(f]^, ni) (60) 



r(s:, ^ s*) « r(s:, ^ Eb) + r(s,6 ^ s,,) 
r(B:, ^ ^i) « r(B,*, ^ 4) + r(i?,b ^ 4) 

r(f2:b ^ ^^b) « r(f]:,, ^ i^b) + r(i7,b ^ i^,) (6i) 

Assuming that the states Bcb,B'^^^ have the same masses as the physical states ,B^^ we get the following 
numerical results (we give F — y^pttq^) 

r(s+ ^Ag)«r(s:+^A°) 

0.219^ 0.235 (62) 

r(n°,->s-)«f(f]:,"^s-) 

0.179 « 0.196 (63) 

r(g+ ^ s°) « f (s:+ ^ sg) 

3.74 « 4.08 (64) 
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r(s',+ ^E«)«3r(s: 



2 ^ ^' 



"^6 



0.0930 « 0.120 w 0.0946 « 0.0813 



(65) 



0.0776 « 0.101 



0.0826 : 



b 



0.0714 



"6 



(66) 



) 



3r(s: + 



"6 J 



2 ^"^^ 



"b 



1.65 « 2.24 « 1.74 w 1.47 



-*0\ 
■^b J 



(67) 



* 
cb 



2.98 « 4.05 « 3.57 « 3.01 



(68) 



r(s: 



r(s:+^sg) + r(s+^s°) 



0.246 w 0.258 



(69) 



r(i7:," ^ s*-) « r(i7:," ^ S-) + r(i7°, 

0.223 « 0.213 



^b 



(70) 



r(s:+^s*-')«r(s:+^s'-') + r(s+ 

5.03 w 4.99 



■'b J 



(71) 



10.2 « 9.16 



(72) 



We find our results agree in most of the cases at the level of 10% with some notable exceptions in Eqs. (|65l) . (p7)) 
and ((68)) . These latter discrepancies are largely due, not to the the use of the approximate HQSS inspired relations in 
Eqs. ([501) - (|55)) . but to the fact that the different baryons that appear in the relations do not have the same mass, and 
therefore the available phase space is different for each transition. For instance if we just make the masses of S*^, S^^ 
equal to the S^j, mass and the mass of equal to the S'j, mass we get 



r(s^+ -> 4°) « 3r(s:+ -> E 



b ) 



2U"cb 



1.65 « 1.69 « 1.66 w 1.65 



2^ v-cb ^ "b ) 



(73) 



or in the sector, with similar changes in the masses. 



Imtb 



2.98 « 3.07 « 2.93 « 2.91 



(74) 



The agreement improves considerably. Then, the HQSS derived relations are appropriate to evaluate the hadronic 
amplitudes but the final results may be very sensitive on actual mass values. 

Thus, mass differences and the variations induced by them in the available phase space can not be neglected. 
Besides the physical states b'^1\ b'^'^ are not exactly equal to the Bcb,B'^f^ states and this could also affect some of 
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the decay widths. In what follows we give the corresponding numbers for the physical states. 

r(s«+^Ag)«f(s:+^Ag) 

0.219 w 0.235 (75) 
0.179 « 0.196 (76) 

r(sw+^5°)«r(s:+^s°) 

3.73 sa 4.08 (77) 

r(s(r -> E") « 3r(s:+ ^ E^) « ^r(sw+ ^ s^") « ir(s(r ^ ej") 

0.110 « 0.120 « 0.121 « 0.0737 (78) 

mT ^ 4-) - 3r(i7- ^ 4-) « InnT ^ - if (i^^r ^ --) 

0.0907 w 0.101 w 0.104 w 0.0652 (79) 
1.95 w 2.24 w 2.29 w 1.34 (80) 
3.49 w 4.05 w 4.48 w 2.75 (81) 

r(s: + ^ s,*°) « r(s: + ^ E^) + r(s« + ^ s°) 

0.246 w 0.238 (82) 

f{n:,' ^ s*-) « r(i7:," ^ sr) + r(i7(;)° ^ s;-) 

0.223 w 0.203 (83) 
5.03 w 4.62 (84) 

10.2 w 8.56 (85) 

Most of the relations are satisfied at the 10% level with a few notable exceptions that involve the decay widths for 
the -> E^, and 17 ^ S^-, 17^- transitions. 

V. SUMMARY 

We have made a systematic study of semileptonic decays of cb ground-state doubly heavy baryons driven by c — > s,d 
transitions at the quark level. We have employed a simple constituent quark model scheme, which benefits from the 
important sirnplifications in the solution of the non-relativistic three body problem that stem from the application 
of HQSS [H, [3^. Despite the modulus of CKM matrix elements \Vcs\, \Vcd\ are much larger than \Vcb\, the smaller 
available phase space leads to c — s decay widths that turn out to be larger but of the same order of magnitude as 
the 6 — c driven processes, while widths for c — d transitions are much smaller. 
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As for b ^ c semileptonic [1, |^ and electromagnetic [23 . [25j decays, here also hyperfine mixing effects have a 
tremendous impact on c — >■ s,d semileptonic decays of spin- 1/2 cb baryons. We find factors of 2 corrections in many 
cases due to mixing. 

We have derived for the first time HQSS relations for the hadronic amplitudes. By requiring invariance under 
separate bottom and charm quark spin rotations, we have obtained constraints on the form factors that enormously 
simplify the description of these decays. Though, these relations are strictly valid in the limit of very large heavy 
quark masses and near zero recoil, they turn out to be reasonable accurate for the whole available phase space in these 
decays. Indeed, we find our calculation is consistent with HQSS and only deviations at the 10% level are observed due 
to the actual, finite, heavy quark masses. With the use of the HQSS relations and assuming Mb^^ — Mb'^ — Mb*^ 
and Mb^ — Mb'^ = Mb* , we have made model independent, though approximate, predictions for ratios of decay 
widths. Our values for those ratios agree with the HQSS motivated predictions at the level of 10% in most of the 
cases. We expect those predictions to hold to that level of accuracy in other approaches. 
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Appendix A: Nonrelativistic baryon states and wave functions 



We construct our nonrelativistic states as follows 



Oil .0.2 ,Q^3 

X I ai pi = + Qi ) I «2 P2 - + (32 ) I as - '-^P -Q1-Q2) (Al) 

Iv'l 

The factor \/2E is introduced for convenience in order to have the proper normalization. We denote by aj the spin 
(s), fiavor (/) and color (c) quantum numbers ( a = {s,f,c) ) of the j—th quark with {Ef., pj) and irif- its four- 
momentum and mass, and M — nif-^ -\- mf^ + mf^. Individual quark states are normalized such that { a' p ' \ a p) = 

2Ef {2Tr)^ Sa' a S^{p ' ~ p)- V'if 02^123 ( Qi 5 Q2 ) is the internal wave function in momentum space, being Qi (Q2) the 
conjugate momenta to the relative position ri (r2) between quark 1 (2) and the third quark. In the transitions under 
study an initial cbl' baryon decays into a final 1 1' b one, where I — d, s and /' = w, d, s. We construct the wave 
functions such that the c and b quarks in the initial baryon are quarks 1 and 2 respectively. Also in the final baryon 
the two light quarks / and I' are respectively quarks 1 and 2. Expressions for the different tp^'al Qi, (92 ) are given 
below. These wave functions are normalized as 

Jd^Qjd^Q2 J2 (^ifa;U(Qi'Q2))*^if:^„3(Qi,Q2)=<5.., (A2) 

ai,a2,a3 

For the final states we use wave functions that are antisymmetric under the exchange of quarks 1 and 2 quantum 
numbers. In order for our nonrelativistic baryon states to have the proper normalization 

B,r' P'\B,rP)^^ = 2E {2iTf 5„' S^P' ~ P) (A3) 

we need to introduce in Eq. (|A1I) a symmetry factor Sb = for those states. For the initial states Sb = 1- 
The wave functions for cb states where the spin of the heavy quark subsystem is well defined are given by 



(27r)3 ^2Ef,2Ef,2Ef 



'~(H+ ,s) ^ ^ 1 ^(S^ ,s) ^ ^ - 

Ipai 02 Q3 ( Qll (32 ) — -y= £ci C2 C3 '^(si'^/i) ,(S2, /2) (S3, /3)( '^l' ■ 
1 



g, '^CiC2C3 ^"'^'^((31,(32) Sf.cSf^bSf^u 

X (1/2, 1/2, 1; si, S2, si + S2) (1, 1/2, 1/2; si + S2, S3, s) (A4) 
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^iiaVa3(Ql,<32) 



^ Eci C2 C3 ^(ii°Vl)^ ,(S2, /2) (S3, /3)( ^2 ) 



\Qi,Q2) Sf,cSf,bSf,u (l/2,l/2,0;si,S2,0).5, 



(A5) 



'AiiaVa3((3l,(32) 



(<3l,Q2) 



^=^0102 03 V-(si,/i) ,(s2,/2)(s3,/3) 
1 



X (1/2, 1/2, 1; si, S2, si + S2) (1, 1/2, 3/2; si + S2, sg, s) 



(A6) 



where £ciC2C3 is the totahy antisymmetric tensor with ^^J^'^ being the fully antisymmetric color wave function. The 
(ii)i2, j; mi, 7712, m) are SU(2) Clebsch-Gordan coefficients. The different ^( Qi, Q2 ) wave functions have total orbital 
angular momentum being invariant under rotations and thus depending only on \Qi\, \Q2\ and Qi ■ Q2- They are 
normalized such that 



j d^Qi j d^Q2 \<l){Qi,Q2) 



(A7) 



The corresponding neutral states are obtained by implementing the trivial replacement S t, — > (5 d- Besides, the 
color -spin-flavor-momentum wave-functions are obtained from the cascade ones by substituting the momentum 

space (/'"^f' \Qi,Q2) wave functions by the appropriated ^^^^i) \Qi,Q2) ones, and always using 6f^s. For 6- heavy 
baryons we further have 

V'il a2L3( <3l) Q2 ) = "^/^ ^'=1 «=2 C3 "^(siV/l) ,(s2,/2) (s3,/3)( ^2 ) 

= -^£010203 (I>''^°\Qi,Q2) -^(<5/i „ d-<5/id 5/, „)<5/3 6(1/2, 1/2,0; Si, S2,0)<5s3s (A8) 



V'il a2 L3 ( <3l , <92 ) — £ci C2 C3 "/"(s ^ ^ /2 ) ^ /g ) ( Ql , Q2 ) 

= ;^£C1C2C3 ^^^''H<5l><32) ■^(%u'5/2d + %d%u)(5/36 

X (1/2, 1/2, 1; Si, S2, Si + S2)(l, 1/2, 1/2, si + S2, S3, s) 



(A9) 



V'ii a2'a3( Qlj Q2 ) — ^^£^ciC2C3 ^(sit/i)\(s2, /2) (S3, /3)( *52 ) 

X (1/2, 1/2, 1; si, S2, si + S2)(l, 1/2, 3/2, si + S2, S3, s) 



(AlO) 



V'ii a* "3 ( Ql ) Q2 ) — — ^ e. 



^ ^Cl C2 C3 V-(si, /i) (S2, /2) {S3, A) ^ Q2 , 

^(^i?°^(Qi,Q2) 

X (l/2,l/2,0;si,S2,0)5« 



1 1 -.^0) ^ ^ 

^Cl C2 C3 (^^US ( Ql, (32 ) (^/i « <^/2 S 



:(H?) ■ - 



{Ql,Q2) SfisSf2u)Sfs 



(All) 



(h;+,s) 



a3(<3l>Q2) - -^eciC2C3 ^^(s"l';/i)(s2,/2)(s3,/3)(^l'^2) 



^ \7Il '^''^ '71*''^"^' ('3i,Q2) <5/i«%s + '/>s«'' {Qi,Q2) Sf,sSf^u)Sf^b 
X (1/2, 1/2, 1; si, S2, si + S2) (1, 1/2, 1/2; Si + S2, S3, s) 



(A12) 



18 



V'iias'aalQljQz ) — /gj ^ci ca C3 '^(si'i /l)\s2, /a) (S3, /a) ( ^1' '^2 ) 



1 1 —(^•On ^ ^ ~p->Oj ^ 

■^eciC2C3 (Ql'Qa) +0su'' (Ql,Q2) 5/is(5/2«)^/3b 

X (1/2, 1/2, 1; Si, S2, Si + S2) (1, 1/2, 3/2; si + sj, S3, s) (A13) 



■i/'ai 02 03 (, Vl, V2 j = ~/^\ '^■'^ /i) ^(^2, /2) (S3, /3) (. ^1' ^2 , 



£ci C2 C3 ( Ql, Q2 ) ^/i S % S 5/3 6 

X (1/2, 1/2, 1; Si, S2, Si + S2)(l, 1/2, 1/2, si + S2, S3, s) (A14) 



V'qi Q2 Q!3 ( Qll Q2 ) — /TTj- £ci C2 C3 '^{sx.jl) , (S2 , /2 ) (s3 , /3 ) ^ ^ ' 



/3 



^2 , 



X (1/2, 1/2, 1; Si, S2, Si + S2)(l, 1/2, 3/2, si + S2, S3, s) (A15) 

Here, besides the properties above, the relation 4>sn{Qi,Q2 ) — 0ns(Q2,Qi )i with n — u,d, also applies. The wave 
functions for the other members of the different isospin multiplets are obtained from those given above by implementing 
obvious substitutions. 

The momentum space wave functions are the Fourier transform of the corresponding wave functions in coordinate 
space, 

HQi,Q2) = J dVid3r2e-^'3-^^ie-^'5--^=0(fi,r2) (AI6) 

We use a HQSS constrained variational approach to deal with the underlying three body problem and to obtain the 
spatial wave functions. For the latter we consider they only depend on the three interquark relative distances ri, 
r2 and ri2 — \fi — r2\- This amounts to assume that the total orbital angular momentum of the baryon is zero. 
However, this does not imply that the individual orbital angular momenta (Z13 and I23 ) of the (13) and (23) pairs 
is zero, though both ?i3 and I23 should take a common value since /13 and ^23 must be coupled to a total S'-wave. 
Indeed, the wave functions (/)(ri,r2 ) can be decomposed as a sum of a large number of contributions or multipoles 
for different values of ^ = 0, 1, 2, 3.... More details, for the case of singly and doubly heavy baryons can be found in 
Refs. [H, [sll, respectively. 

As already mentioned the two baryons states Set, SJ,^ differ just in the spin of the heavy degrees of freedom, and 
thus they mix under the effect of the hyperfine interaction between the light quark and any of the heavy quarks. The 
same happens for the ficb, f^^fc states. This mixing is important and greatly affects the results for the decay widths. 
The mixing is however negligible for the S^, SJ, and Qi,, ^'b states and we have ignored it. 

Appendix B: Weak matrix elements and form factors 

Taking the initial baryon at rest and q in the positive Z direction we define vector and axial matrix elements 

Kl,,, - ^r^,, = (B',r' P' = -g I W,(0)7'^(l - 75)*c(0)| B,r P = 0) (Bl) 
that in our model are given as 

K^.' =^V2^ / d'QiJ d'Q2 (^4>^^'HQi~'^^^=^q,-Q^ 

T (1/2, 1/2, S'; r' - r + si, r - si - S2, / - S2)(5', 1/2, j'; / - S2, S2, r') 



(1/2, l/2,5;si,S2,si + S2)(S', 1/2, J; si + S2, r - si - S2, r) 

Ul r'-r+s i iQl " q) 7^(1 - 75) Ucsi (Ql) 

2Eii\Qi ~ q\)2E,i\Qi\) 



(B2) 
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TABLE IV. flavor factors (Eq. (|B2p ) for for c — !> s (left panel) and c — >■ d (right panel) transitions. 



where J, S* (J', 5') are the total spin and the spin of the two first quarks for the initial (final ) baryon. is a flavor 
factor that depends on the transitions and which values are collected in Table IIVI Here we have a c — >■ ^ transition at 
the quark level, while V is the light quark originally present in the initial baryon. When the final baryon has just one 
s quark then (j>^^ ^ should be interpreted respectively as ^ or 0^ ^ for the case of c — } 5 or c — ^ d transitions. 



Relations between different matrix elements can be found by performing the spin sums in Eq. (|B2 
purpose the following results, that we obtain for q in the positive Z direction, are very useful 



For that 



' {El + mi){Ec + TTic) 



2Ei2Ec 



p2 _ \q\p3 



{El + mi){Ec + rUc) 



{El + mi){E^ + m^) 



(B3) 



20 



^2^2^ 



' {El + mi){E^ + m^) 



2Ei2Ec 



pi 



p^ — 



Ec + nic-Ei-mi ^ ix x \ \ x 

+ «77^- 77T^- rl-P Ojl+p dj2){Ssl/2-0s-l/2) Os 



Ec + rric Ei+mi {Ei + m,i){Ec + mc) 



\q\{Ec + mc) - {Ec + rric- Ei-mi)p-^ 

77=r~; ttf; — ; ^ \"s' s-i — Os' s+i) 

{El + mi){Ec + rric) 

\q\{Ec + rric) - {Ec + rric - El - mi)p^ 
+iSj2— fj,l„-,rzp , _ ^ — y^s' s+l + ^s' s-l) 



{Ei+mi){Ec + m, 
Ec + rUc - El - mi ^ , . 2 



{Ei^mi){Ec^mc) 



(B4) 



vm2E, 



uis'{p- q)Tl5Ucs{p) 



{Ei+mi){Ec + mc) 
2Ei2Ec 



P^ _^ P^ - \q\ 
Ec +mc El + mi 



{Ssl/2 - <^s -1/2)^8 



\Ec + mc Ei+mij^^ / -r v / 



(B5) 



V^EOE, 



■■uis'{p- qWl5Ucs{p) 



I {El + mi){Ec + mc) 



2Ei2Ec 



i{q X p)^ 



+ 1- 



{Ei + mi){Ec + mc) 
p2 _ \q'\p-i 



{El + mi){Ec + mc) 



Ss' sSj3{Ssl/2 - ^s-1/2) + Ss>s+l{Sjl - iSj2) 



+ 



2p' - qi 



{El + mi){Ec + mc) 
{p^ -q^)p^+p^{p^ -\q\) 



+Ss's-i{Sji + iSj2) 
{{P^ - ip'^)Ss' s+i + {P^ + ip'^)5s' s-i) 

Ss's{Ssl/2 - Ss-1/2) 



{El + mi){Ec + mc) 

The fact that the orbital wave functions are invariant under rotations implies that the integrals of the form 
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where F{\Qi — q\, \Qi\) is a function of \Qi — q \ and \Qi\, are tensors under rotations and are thus given by 

P{q)=C{\q\)^^ 
P'^{q)=D{\q\)6^'' + E{\q\)^^ 



(B8) 



As a result we have that I^{q) = I'^{q) = 0, I^^{q) = I'^'^{q) and P^{q) = unless j = k. With all this in mind, 
one can sec that all spin sums that appear in the evaluation of the different matrix elements correspond to one of the 
following cases 
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where |[(l/2(i) (g) l/2(2))'^(8) l/2(3)];f) represents a spin state in which quarks 1 and 2 couple to spin 5 and then couple 
with quark 3 to a final state of total spin J and projection r. Similarly | [(l/2(i) ig) 1/2(3))'^ ^1/2(2)]^' ) is a spin state 
in which quarks 1 and 3 couple to spin S' and then couple with quark 2 to a final state of total spin J' and projection 
r'. Besides ad) is the spin operator for quark 1 being cr£' = ± ia^^ . Use of the Wigner-Eckart theorem allows 
us to immediately obtain 
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which are valid for all cases under study. Further relations are quoted in the following. 

In terms of matrix elements, the different form factors for the 1/2 — )• 1/2, 1/2 3/2 and 3/2 — )■ 1/2 can be 

evaluated as 
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1/2 — )• 3/2 transitions. 
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In the derivation of the above formulas, the foUowing relations found among 1/2 — )■ 3/2 matrix elements have 
been used 
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3/2 — )• 1/2 transitions. 
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where again we have made use of the following relations observed between 3/2 1/2 matrix elements 
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As mentioned we do not use a form factor decomposition for the 3/2 — > 3/2 transitions but work directly with the 
matrix elements. For 3/2 —> 3/2 transitions, and apart from the relations in Eq. (jB13p . we further obtain that 
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where V and ^ stand for reduced matrix elements. 

In every case we just need to evaluate three different vector and three different axial matrix elements that we take 
1 be 1/0 1/3 
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have the general structure 
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TABLE V. Vj^' and Agp spin-flavor factors for for c — !> s (left panel) and c ^ d (right panel) transitions. 
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The Vgp depend on the flavor and spin structure of the baryons involved. Their values for the different transitions 
appear in Table |Vl Similarly, for the axial matrix elements we have 
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where the axial spin- flavor factors can be found in Table |Vl Note that due to the symmetry properties already 
discussed, the integral in 2Q^Qf in equivalent to an integral in \Qi 

2QiQ\ is identically zero. 

As already said, when the final baryon has just one s quark then the 4>^^ ' above should be interpreted as (^i^ 
(p j , for the case of c ^ s or c — > d transitions, respectively. 
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